This study characterises the Naturally Occurring Radionuclides (NORs) content of a suite of secondary raw 15 materials or industrial residues that are normally disposed of in landfills or lagoons but now are increasingly 16 used in green concretes. This includes ashes from a variety of industrial processes and red mud from 17 aluminium production, as well as air pollution control residue and cement kiln dust. The chemical 18 composition of the samples was determined with X-ray fluorescence spectroscopy (XRF). The Ra-226, Th-19 232 and K-40 activity concentrations were obtained by gamma spectrometry, and the results were compared 20 with recently published NOR databases. The correlation between the NOR content and the main chemical 21 2 composition was investigated. The radioactive equilibrium in the U-238 chain was studied based on the 22 determination of progeny isotopes. The most commonly used calculation methods (activity concentration 23 index and radium equivalent concentration) were applied to classify the samples. The radon exhalation rate 24 of the samples was measured, and the radon emanation coefficient was calculated. Significant correlation 25 was found between the NORs and certain chemical components. The massic exhalation demonstrated a 26 broad range, and it was found that the emanation coefficients were significantly lower in the case of the 27 residues generated as a result of high-temperature combustion processes. The results showed that a weak 28 correlation between the Ra-226 concentration and the radon exhalation. This emphasizes that managing the 29 Ra-226 content of recycled material by itself is not sufficient to control the radon exhalation of recycled 30 materials used in building products. The investigated parameters and their correlation behaviour could be 31 used to source apportion materials found during the process of landfill mining and recovery of material for 32 recycling. 33 34
Introduction 43
The depletion of raw materials and demand for low carbon material resources has resulted in the urgent 44 need for new eco-innovative building materials. The market need for efficient, economical and safe 45 production of new building products requires a comprehensive model of the properties of primary and 46 secondary raw materials, and existing building products to facilitate the creation of a circular economy.
"The transition to a more circular economy, where the value of products, materials and resources is 48 maintained in the economy for as long as possible, and the generation of waste minimised, is an essential 49 contribution to the EU's efforts to develop a sustainable, low carbon, resource efficient and competitive 50
economy." (European Commission, 2015) . These material resources are often recycled from secondary raw 51 materials or industrial residues rather than from pristine sources. Valorisation alongside carbon capture 52 technologies can also offer an opportunity for a circular economy approach to building materials (Pan et al., 53 2018). Alkali-activated materials (AAMs) are also alternative low-carbon binders and can be produced 54 through the reuse of industrial residues as secondary raw materials. These residues have traditionally been 55 disposed of in brownfield landfills and lagoons which are now being mined to recover the valuable 56 materialss. Although economically viable, market uptake and widespread application of these new types of 57 recycled materials are currently hampered by public health concerns. These concerns relate to issues such 58 as the immobilisation of potentially toxic compounds and in particular radiation exposure from Naturally 59
Occurring Radionuclides (NORs) that can be present in these materials. 60
These residues often serve as precursors for production of AAM. Ideally the activators should be looking 61 for which are also residues or secondary raw materials with high pH (Tong et al., 2018). Here we focus on 62 the residues that can be used in the production of AAMs. Globally, about 46 % of CO2 emissions originated 63 as a result of the fossil fuel combustion, with 31 % emitted from coal combustion power plants (Olivier et 64 al., 2016) . The amount of generated residue depends on the non-combustible mineral content, which can 65 vary between 5-30 % (Kovacs et al., 2017) . As a result of combustion, the NOR content of the coal is 66 enriched in the residues (Table 1) . A tenfold enrichment factor, compared to the initial NOR content of the 67 currently the 2 nd cause of lung cancer after smoking (Axelsson et al., 2015; World Health Organization, 126 2009). Depending on the internal structure and the parent element concentration (Ra-226) the amount of 127 radon which can exhale from a given building material matrix can vary greatly. The secondary pathway, the 128 external exposure caused mainly by gamma radiation emitted from the decay of NOR also needs to be 129 considered. Owing to their high penetration capacity, high energy gamma photons can exit walls, floors, 130 and ceilings that contain NOR materials. This depends on the several factors including the energy of the 131 gamma photons, the thickness of the walls, the material density, the homogeneity and concentration of the 132 radionuclides, a constant dose rate is formed as a result of the NORs in buildings. The gamma exposure can 133 also depend on the position of the residents within rooms, but it is typically less than 10 %. recycling ensures the avoidance of recycled building materials with increased radioactivity, and in this way, 136 the industrial residue streams for the circular economy are checked in advance to assure safe recycling 137 (Kovacs et al., 2017) . 138
To avoid an elevated risk for residents in houses, the EU has laid down Council Directive 2013/59/Euratom 139 (European Union, 2014) as Basic Safety Standards (EU-BSS) for protection against the dangers arising from 140 exposure to ionising radiation. ANNEX VIII of the directive defines the requirement for maximum 141 allowable excess dose from the NOR content of building materials. Furthermore, the reference level for 142 indoor radon was also set at 300 Bq/m 3 average radon concentration. However, uniform requirements and 143 a standardised method for screening the radon release from building materials before they are placed on the 144 market are still missing, which presents a significant challenge for future research. The NOR content of 145 processing technology can also lead to a strong fluctuation in the NOR concentration, even in the case of 147 the same residue repository (Croymans et al., 2017b). Table 2 ). The sources of the samples are not revealed, as the present scientific research is not for judging 175 them. The samples were homogeneous within each source, represented by a unique Sample ID in Table 2 . 176 FA 7 was originated from the same site as FA 1 and GGBFS 2 came from the same site as GGBFS 1. This 177 is the reason why FA 7 and GGBFS 2 were not examined with XRF. Fig. 1 gives exact compositions of all 178 these sample materials. All ashes are siliceous. Note that the data shown in Table 1 are from literature data 179 forming the two databases, while the samples listed in Table 2 are for the original experimental studies, the 180 results of which are reported in this paper. The samples were dried to constant mass in a drying cabinet at a 181 temperature of 105°C and powdered. A typical sample weight used for subsequent analysis post drying was 182 1 kg. The powdered samples were divided to three portions. For the gamma spectrometry analysis and the 183 radon exhalation measurement typically 0.3 -0.5 kg samples were used respectively depending on their 184 density. For the XRF characterization 10 g samples were separated. 185 186 
Determination of major components with XRF

189
In this study, the main chemical composition was determined by X-ray fluorescence (XRF) analysis. The 190 measurements were performed on a fused glass bead sample, for removing both grain size and mineralogical 191 effects. The samples were heated under air atmosphere up to 1200°C in a platinum crucible with lithium 192
borates. During the process, oxide of the metal content is formed and the results are reported in that form. 193
The equipment used was a PANalytical Axios Advanced XRF spectrometer. The results, which were quoted 194 as weight percent, were analysed using PANalytical SuperQ software using reference samples and artificial 195
analogues. LOI was determined by igniting the materials at 950 °C for 1.5 hours. 196
Determination of NOR with gamma spectrometry
197
The samples were put into polystyrene containers with metal cap and stored for 27 days to achieve secular 198 equilibrium between Ra-226 and Rn-222. The NOR content of the investigated materials was determined 199 by gamma spectrometry using a calibrated high purity broad energy germanium detector (Canberra BE5025-200 7500SL) with a 50 % nominal relative efficiency. The detector was shielded with a copper-lined lead shield 201 specific for low-activity measurements. All samples were measured for 80 000 s using the same poly(methyl 202 methacrylate) sample holder to fix the samples in position 5 mm above the endcap of the detector, leaving 203 an air-filled gap between the sample and the detector. Canberra's Genie 2000 software was used for data 204 acquisition. Canberra's Labsocs software performed the efficiency calibration with self-absorption 205 correction. The determined radionuclides and their details are presented in Table 3 . 206 
Calculation of commonly used indexes
where ARa-226, ATh-232, and AK-40 are the activity concentration of Ra-226, Th-232, and K-40, respectively. 219
The current Chinese and Russian legislation is derived from that approach (Nuccetelli et al., 2017) . In the European Union, the member states were required to harmonise their national legislation according 237 to the EU-BSS at the latest in February 2018. It is important to note that the calculation of the I-index only 238 allows for a conservative screening. To more accurately predict the dose contribution as a result of recycled 239 building materials in a given building, the thickness and the density also have to be taken into consideration 240 13.8 wt%), TiO2 (5.1-10.2 wt%, highest among all residues studied), CaO (4.5-5.6 wt%) and the Na2O (4.7-275 7.7 wt%) which mainly originates from the NaOH solution used for the Bayer process (Kovacs et al., 2017) . 276 The symbol "-" in Table 4 . means that the obtained result was below the detection limit. The results of 292 different studied materials were compared with the similar material records of the NORM4Building 293 Regarding APC, CKD, RHA and ISSA samples, a comparison was not possible because there was no 299 information about these materials in any of the databases. In the case of the other surveyed residues, their 300 NOR content was lower than the averages of the databases except all three investigated NOR of the HWA, 301 the K-40 content of the bottom ash and fly ash samples and the Th-232 content of the red mud was found 302 above the average values. However, since there was no information about the CKD in the databases, the 303 obtained results were compared with the cement records. In the case of the CKD results, the Ra-226 and 304
Th-232 contents were significantly lower than the average values of the cement records collected in the 305 databases. The K-40 contents were significantly higher compared to the database records. 306
I-index and Radium equivalent concentration of studied residues 307
The I-index and the Radium equivalent concentration were calculated based on the obtained NOR content. 308
However, this calculation provides only a conservative screening value, since neither the density nor the 309 thickness of the construction materials are taken into consideration. The results are illustrated in Fig. 3 . 310 311 were obtained via the 46.5 keV gamma peaks. To check the equilibrium condition in the chain, the Ra-226 348 activity concentrations were used as a reference value. However, in the case of the Th-232 chain, the most 349 significant possibility for disequilibrium may occur between the Th-232 and Ra-228 owing to the 5.74 years 350 half-life of Ra-228. Since direct measurement of Th-232 via gamma and alpha spectrometry was not 351 possible, its content was not determined. There was no information about the date when the residues were 352 generated so exact age of the samples was also not known. Owing to these facts, the disequilibrium state 353 was not investigated in the case of Th-232 chain. The disequilibrium state of U-238 chain related to Ra-226 354 content is presented in Fig. 5 . 355 The calculated values showed that the U-238 disappeared in the case APC and the RHA samples and in the 358 case of CKD 2 the U-238 content was 45.1 % lower compared to Ra-226 activity concentration. The 359 disequilibrium state of RHA suggests that the uranium uptake or bioaccumulation by the rice from soil is 360 extremely low. Significant U-238 enhancement was found in the case of HWA and ISSA samples. Both 361 samples originate as a result of incineration of materials containing significant amounts of various organic 362 compounds. Pb and the Po are relatively volatile elements in high-temperature combustion environments as 363 is the case for coal combustion, cement production, incineration of wastes. In this study, all the samples are 364 generated from high-temperature treatment, except for red mud, which is produced by the Bayer-process. 365
Owing to the high temperature, the volatile radionuclides condensate on the fine ash particles (Ozden et al., 366 2018) which can result in elevated levels of Pb-210 in the fly ash type residues with decreased levels in the 367 bottom ash residues. The bottom ash residues, the BA, both GGBFS and HWA samples had significantly 368 lower Pb-210 content compared to their Ra-226 content. The fine ash type residues had significantly 369 increased Pb-210 content compared to Ra-226 except for all FA samples. The Pb-210 content of all CKD 370 samples was extremely high with 13-16 times higher Pb-210 content compared to the Ra-226 activity 371 concentration. This can be explained by the condensation of these isotopes in the kiln during the cooling 372 phase of operation and their subsequent release during preheating when the CKD accumulates these 373 isotopes. However, the exact mechanism should be investigated in more detail in future research projects. 374
The APC, ISSA and RHA samples had also increased Pb-210 content with a factor of 6.7, 2.5 and 2.1, 375 respectively which fits with the conclusion based on the volatility of Pb and Po. The FA samples did not 376 show significant Pb-210 accumulation which is not unusual in the case of FA residues. Relatively low 377 enrichment factors can also be found in the literature (Ozden et al., 2018) . 378 However, during the analysis, the fitting of a linear trendline showed a weak correlation between the Ra-423 226 and the massic exhalations. The relatively low number of the samples does not make possible to state 424 the relationship between these parameters explicitly. Furthermore, the emanation factor also influences the 425 massic exhalation. Between the Ra-226 and the emanation factor no correlation was found which proves 426 that they are independent parameters. Measuring the Ra-226 content by itself does not allow an assessment 427 to verify whether the radon exhalation of building materials is increased or reduced. 428 
Correlation between NOR content and chemical composition
